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1 These authors contributed equally to this study.Translation of hepatitis C virus (HCV) genomic RNA is directed by an internal ribosome entry site
(IRES) in the 50-untranslated region (50-UTR), and the HCV 30-UTR enhances IRES activity. Since the
HCV 30-UTR has a unique structure among 30-UTRs, we checked possible communication between
the 50- and the 30-UTR of HCV during translation using chimeric reporter RNAs. We show that trans-
lation directed by the HCV IRES and by the HCV-like IRES of porcine teschovirus (PTV) which belongs
to a quite distinct family of viruses (picornaviruses) or by the EMCV IRES is also enhanced by the HCV
30-UTR or by a poly(A)-tail in different cell types.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Translation initiation on eukaryotic mRNAs is usually mediated
by the 50-cap structure that guides the small ribosomal 40S subunit
to the 50-end of the mRNA by the help of initiation factors (eIFs) [1].
The eIF4E component of the cap-binding complex eIF4F binds to
the cap, and the eIF4G component then interacts with the ribo-
some-bound eIF3 and recruits the ribosome to the RNA. In contrast,
the positive-strand viral RNAs of the picornaviruses and some
members of the Flaviviridae virus family contain internal ribosome
entry site (IRES) elements, highly structured RNA regions that
guide the ribosome to an internal start site on the RNA [2,3]. There-
by these viruses avoid the need for the nuclear RNA processing
machinery, allowing them to replicate exclusively in the
cytoplasm.
The requirements for protein factors are quite different among
these IRES elements [3]. Most classical picornaviral IRESs (like that
of encephalomyocarditis virus, EMCV) bind directly to initiation
factor eIF4G [4] and recruit the small ribosomal subunit by thechemical Societies. Published by E
e teschovirus; UTR, untrans-
ukaryotic initiation factoreIF4G-eIF3 interaction like in cap-dependent translation. In con-
trast, the hepatitis C virus (HCV) IRES can bind to the 40S subunit
in the absence of any initiation factor and initiate translation inde-
pendently of the eIF4 group factors [5] and under certain condi-
tions even independently of eIF2 [6], while direct binding of eIF3
is essential for translation [7]. In addition, several other RNA-bind-
ing proteins were reported to modulate HCV and picornavirus IRES
activity in many tissues [3], whereas a clear-cut tissue speciﬁcity
could only be attributed to the stimulation of HCV translation by
the liver-speciﬁc microRNA-122 [8,9].
In analogy to the stimulation of cap-dependent translation by
the mRNA’s 30-terminal poly(A)-tail via the interaction of the
poly(A)-binding protein PABPC1 with eIF4G, HCV translation is
stimulated by the viral 30-UTR (30-untranslated region) [10–12]
by a yet unknown mechanism, ensuring the efﬁcient translation
only of undegraded RNAs. The 30-UTR of HCV RNA is a unique
structure which is absent from other viral RNAs with HCV-like IRES
elements within their 50-UTRs. Given this fact, we aimed in this
study to elucidate whether the translation stimulation by the
HCV 30-UTR was speciﬁc for the IRES element of HCV. To this
end, we used chimeric reporter RNAs with different 50- and 30-UTRs
to analyze possible cross-stimulation between different cis-ele-
ments. For this purpose, the IRES of porcine teschovirus-1 (PTV-
1), a picornavirus by genome organization and sequence, is oflsevier B.V. All rights reserved.
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Fig. 1. (A) Secondary structures of the HCV 50-UTR and the related PTV 50-UTR. (B) Reporter RNAs used in this study. All reporter RNAs contain the ﬁreﬂy luciferase gene. The
50-UTRs of HCV, PTV, b-actin mRNA or EMCV were fused upstream of the Fluc sequence, just as the HCV 30-UTR, and 200 nts of unrelated sequence or the unrelated sequence
plus a 50 nt poly(A)-tail downstream of Fluc. The b-actin reporter RNA was capped before translation.
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its secondary and tertiary structure (Fig. 1A) [13–15] and in its
requirements for initiation factors [13,14]. However, the PTV-1
RNA is polyadenylated at the 30-end [16]. The results show that
the HCV 30-UTR stimulates translation directed by both the HCV
and the PTV IRES, indicating that a commonmechanismmaymedi-
ate the stimulation of translation on both IRES elements. In the
course of this study, we have also found that the poly(A)-tail stim-
ulates translation directed by both the PTV and the HCV IRES.
2. Material and methods
2.1. Plasmids
The HCV reporter plasmid pHCV+30-UTR [11] contains a T7 pro-
motor fused exactly to the entire HCV 50-UTR, 262 nucleotides (nts)
HCV core sequence, a ubiquitin sequence, the ﬁreﬂy luciferase
(Fluc) reporter gene and the HCV 30-UTR (compare Fig. 1). Plasmid
pHCVD30-UTR and 30-UTR deletion mutants were obtained from
pHCV+30-UTR [11]. The wild-type and mutant PTV reporter plas-
mids were prepared by replacing the HCV IRES by the PTV IRES ob-
tained from plasmid pPTV-Luc [13].
2.2. RNA synthesis
Templates for in vitro-transcription were generated by PCR
using an oligonucleotide upstream of the T7 promotor. For frag-
ments including the HCV 30-UTR an oligonucleotide deﬁning the
exact end of the 30-UTR was used, for fragments without HCV 30-
UTR an oligonucleotide binding in the unrelated sequence
200 nts downstream of the Fluc gene was used. For polyadenylated
constructs an oligonucleotide containing a 50 nts long 50-polyT
stretch was used. The ampliﬁed DNA was treated with proteinase
K, puriﬁed by phenol/chloroform extraction and ethanol precipita-tion and used for transcription using T7 RNA polymerase (Fermen-
tas). Capped RNA was synthesized in the presence of 50 lM rGTP
and 500 lM m7GpppG (Promega). Capped and polyadenylated
Renilla luciferase (Rluc) RNA used for co-transfections was
in vitro-transcribed as described before [8]. RNA quality and
amounts were checked by agarose gel electrophoresis and
photometry.
2.3. Cells and transfections
Cells were maintained at 37 C at 5% CO2 in Dulbecco’s modiﬁed
Eagle medium (DMEM) with L-glutamine, 4500 mg/l D-glucose
(Invitrogen), 10% fetal bovine serum (FBS), 100 U/ml penicillin
and 100 lg/ml streptomycin. For lipofection cells were splitted
into 12-well plates in antibiotic-free medium to reach 80–90% con-
ﬂuency for transfection. Next day, 400 ng of Fluc reporter RNA
(plus 20 ng of capped and polyadenylated co-transfected Rluc re-
porter RNA, if appropriate) per well were transfected into the cells
using either Lipofectamine 2000 (Invitrogen), FuGene (Roche) or
the nonlipophile reagent ExGen 500 (Fermentas) after a change
to serum-free DMEM. For well-to-well normalization, either the
translation efﬁciency of a co-transfected capped and polyadeny-
lated Renilla Luciferase (Rluc) mRNA was measured, or WST-1 as-
says (Roche) were performed after 3.5 h. The WST-1 assay
measures respiratory chain activity and thus compares total (mito-
chondria containing) cytoplasma masses between wells. Conse-
quently, in asynchronically growing subconﬂuent cultures WST-1
measurements can be regarded as a measure for the number of liv-
ing and metabolically active cells per well. For the WST-1 assay,
the cells were washed with PBS, incubated for 30 min at 37 C with
WST-1 reagent diluted 1:50 in colorless DMEM, and the superna-
tant0s absorbance was measured at 450 nm. For reporter assays,
the cells were washed with PBS and lysed with 150 ll passive lysis
buffer (Promega) per well. The lysates were centrifuged for 5 min
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Fig. 2. Stimulation of HCV and PTV IRES-directed translation by the HCV 30-UTR in different cell types. (A) Time course of translation of the Fluc reporter RNA in Huh-7 cells.
RLU, relative light units of the luciferase assay (raw data, not normalized). The background value of mock transfected cells (about 300–400 RLU) was subtracted before
plotting. (B–D) The HCV 30-UTR stimulates HCV and PTV IRES-dependent translation in Huh-7 cells (B), HeLa cells (C) and HEK293 cells (D). Cells were harvested 4 h after
transfection and luciferase activity measured. Normalization was done relative to the translation efﬁciency of a co-transfected capped and polyadenylated Rluc reporter RNA
or by the WST-1 cell viability assay to correct for well-to-well variations in cell density. After that, the values obtained with the reporter RNA containing 200 unrelated nts
(D30-UTR) were set to 1.
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measuring Fluc or Rluc activity.
2.4. RNA stability assays
For real-time PCR, HEK293 cells were transfected with HCV re-
porter RNAs and Rluc reporter RNAs. 2, 4, 6 or 8 h after transfec-
tion, cells were washed with PBS and detached with trypsin. The
cell suspension was divided into two parts and centrifuged at
800 rpm for 5 min at RT. One part was again washed with PBS
and lysed to measure Fluc and Rluc activity; the other part was
used for extraction and puriﬁcation of total cellular RNA using
the TRI phenol/guanidinium hydrochloride reagent (Molecular Re-
search Center). Reverse transcription of total RNA was performed
with SuperScript II Reverse Transcriptase (Invitrogen) using ran-
dom hexamers and oligo(dT) primers. The reaction was incubated
at 25 C for 10 min, at 43 C for 55 min and at 70 C for 15 min.
With the resulting cDNA, real-time PCR was performed in a
25 ll reaction in an iCycler iQ5 (Bio-Rad) using the EvaGreen Basic
Mix (Biotium). A no template control was included in all experi-
ments. In this study we used following speciﬁc primers: RTFd
(GAGGTTCCATCTGCCAGGTA) and RTFr (CCGGTATCCAGATCCA-
CAAC) for Fluc and RTRd (AACGCGGCCTCTTCTTATTT) and RTRr
(ATTTGCCTGATTTGCCCATA) for Rluc. The real-time PCR was car-
ried out using Tm = 56 C. Calculations: the amount of HCV  30-
UTR and HCV + 30-UTR Fluc mRNA was calculated as relative to
the amount of co-transfected capped Rluc mRNA in the same sam-
ple by the formula: X0/R0 = 2exp(CtR  CtX), where X0 = amount ofFluc mRNA, R0 = amount of Rluc mRNA, CtR = CT-value for Rluc and
CtX = CT-value for Fluc. Each sample was examined in triplicates
and the mean values were used.
3. Results
3.1. The HCV 30-UTR stimulates translation directed by HCV and PTV
IRESs in different cell types
In order to analyze the effect of the HCV 30-UTR on the activity
of the HCV IRES and the related PTV IRES, we generated chimeric
RNAs that contain the respective IRES, followed by the ﬁreﬂy lucif-
erase (Fluc) reporter gene and the HCV 30-UTR (Fig. 1). The RNA
expression cassette was chosen monocistronic to avoid collateral
cis-effects by additional translation regulatory elements [17], and
the required authentic 30-end integrity was provided by using
PCR-generated templates for transcription [8,11]. As a 30-UTR neg-
ative control, 200 nts of unrelated sequence were used. A ﬁrst test
with the HCV IRES reporter RNA in two different in vitro-transla-
tion systems, rabbit reticulocyte lysate and Krebs ascites S30 ex-
tract (data not shown), revealed that these systems do not
recapitulate the results obtained in vivo [11].
In comparison, transfection of Huh-7 hepatoma cells with the
HCV IRES reporter RNA demonstrated stimulation of HCV IRES-di-
rected translation by the HCV 30-UTR (Fig. 2). Good reporter
expression was obtained 4 or 6 h after transfection (Fig. 2A), while
expression of the RNA slightly declined after 8 h, irrespective if the
HCV 30-UTR was present or not. Our experience on transfection of
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Fig. 3. Mutations in the HCV 30-UTR affect translation stimulation. The complete HCV 30-UTR (‘‘wt”) or its variants lacking the variable region (VR) or the poly(U/C)-tract (U/C)
individually or in combination (VUC), or lacking the 30-X-region (30-X) [11], were used in RNAs containing the HCV IRES or the PTV IRES in Huh-7 and HeLa cells as indicated.
Normalization was done as described in Fig. 2.
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of them the expression after 4 h still goes up at least for several
hours more, the expression values for this point are little affected
by preceding handling of the cells and give reproducible quantita-
tive results. Therefore, all following assays were performed using
4 h expression.
When the PTV IRES was exchanged for the HCV IRES, we sur-
prisingly found that the translation activity of the PTV IRES was
comparably stimulated by the HCV 30-UTR (Fig. 2B). The extent of
stimulation was about 5-fold in Huh-7 cells for both IRES elements.
Moreover, the activity of the HCV IRES as well as the PTV IRES was
also stimulated by the HCV 30-UTR in HeLa and in HEK293 cells,
even if the extent of stimulation varied slightly for both IRES ele-
ments (Fig. 2C and D).
3.2. Different regions of the HCV 30-UTR contribute to translation
stimulation
The HCV 30-UTR comprises three different regions, a region var-
iable among different HCV isolates (VR), a poly(U/C)-tract and the
highly conserved 30-X-region with its three stem-loops (see
Fig. 1B). To analyze the possible contributions of these regions
within the 30-UTR, we used HCV- and PTV-IRES reporter RNAs in
which these regions were deleted individually or in combination.
After transfection of these mutant RNAs into Huh-7 and HeLa
cells, we found that the 30-X-region contributed most to the trans-
lation stimulation, irrespective if the homologous HCV IRES or the
heterologous PTV IRES was used (Fig. 3). The drop in translation
stimulation was about 70% with the HCV IRES and about 50% with
the PTV IRES. The VR and the poly(U/C)-tract contributed less to
translation stimulation. With the PTV IRES we observed no signif-icant drop in translation stimulation when the VR was deleted,
whereas the deletion of the poly(U/C)-tract individually or in com-
bination with the VR resulted in a slight drop of translation activity
in most cases. Remarkably, the drop in translation efﬁciency upon
deletion of internal regions like the poly(U/C)-tract or the VR indi-
cates that different sensitivities of the RNAs’ 30-ends to exonucleas-
es are not supposed to cause the drop in translation efﬁciency by
reducing RNA stability.
3.3. Stimulation of translation by the 30-UTR is not dependent on
speciﬁc RNA structures
The similar function of the HCV 30-UTR in translation stimula-
tion with both the HCV and the related PTV IRES as well as the
presence of a poly(A)-tract at the PTV RNAs’ 30-end [16] raised
the question if the mechanism of translation stimulation is depen-
dent on factors binding speciﬁcally to the HCV and the PTV IRES
elements, or if the translation stimulation applies also to other
cis-elements involved in translation. Therefore, we exchanged
the HCV 30-UTR in the reporter RNAs for a poly(A)-tract. The results
in Fig. 4A show that the poly(A)-tract stimulates translation direc-
ted by the HCV and by the PTV IRES by about 2.5- to 3.5-fold.
In turn, we exchanged the viral 50-UTR for the capped 50-UTR of
the cellular b-actin mRNA (compare Fig. 1B). As expected, transla-
tion of this chimeric reporter RNA is stimulated by about 2.5-fold
by the poly(A)-tail. The HCV 30-UTR also stimulated translation of
capped b-actin mRNA by about 2-fold (Fig. 4B, left panel). Interest-
ingly, this effect was observed in Huh-7 cells but not in HeLa or
HEK293 cells. The reason of this differential effect is not clear.
The ﬁnding that the HCV 30-UTR stimulates the activity of the
HCV and the related PTV IRES as well as cap-dependent translation
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tion is based on speciﬁc interactions or if more general mecha-
nisms account for this stimulation. Therefore, we have used the
IRES element of encephalomyocarditis virus (EMCV) in our repor-
ter RNA system. The EMCV IRES is structurally and functionally
not related to the HCV and PTV IRES elements. Also in this case,
translation was stimulated by the HCV 30-UTR as well as by a
poly(A)-tail. This conﬁrms that there is no speciﬁc structural inter-tnuo
ma
A
N
R
evita ler
2 h
+HCV 3´UTR + +- - -
4 h 6 h
0.5
1.0
2.0
1.5
0
A
Fig. 5. RNA stability controls. (A) RT-PCR detection of RNA re-extracted 2, 4, 6 or 8 h after
amounts of reporter RNA without HCV 30-UTR. (B) Relative translation efﬁciencies of RN
HCV-Fluc-30-UTR/HCV-Fluc ratios calculated after normalization for transfection efﬁcienaction between the HCV 30-UTR and the 50-terminus of the RNA and
the observed stimulation effects are not based on speciﬁc RNA se-
quences or structures.
3.4. Differences in RNA stability do not account for the differences in
translation efﬁciency
To exclude that differences in RNA stability cause the different
translation efﬁciencies of the reporter RNAs, we performed RNA
stability assays over the time range of up to 8 h (after this time, re-
porter RNA expression substantially declined; compare Fig. 2A and
B). HCV IRES reporter RNAs with or without the HCV 30-UTR were
transfected into cells, RNA was re-extracted after different times,
and the relative amounts of the RNAs were determined by real-
time PCR. The results (Fig. 5A) show that the stabilities of the
mRNA with or without the HCV 30-UTR differ only slightly, indicat-
ing that these slight differences do not account for the
approximately 5-fold higher translation efﬁciency of the RNA with
30-UTR. Consistently, the ratio of Fluc expression from the reporter
RNA with HCV 30-UTR relative to that without HCV 30-UTR changed
only marginally over time (Fig. 5B). In conclusion, differences in
RNA stability do not account for the differences in translation efﬁ-
ciency observed in the above experiments.
4. Discussion
In this study, we show that the 30-untranslated region of HCV
stimulates translation not only directed by the HCV IRES but also
by the PTV IRES. One may think that these effects are simply ac-
counted for by different stabilities of transcripts with and without
the HCV 30-UTR. However, the corresponding control experiments
do not support this interpretation.
The secondary structure predictions for the PTV IRES in compar-
ison to the HCV IRES show strong similarities, even if some details
are controversial [13,14]. They strongly suggest a common mecha-
nism of ribosomal 40S subunit binding by the HCV and the PTV
IRES through the lower part of the IRES stem-loop III. Although
the structures of the HCV and PTV-1 IRES are similar, they are
not identical. In addition, the PTV-1 RNA has no HCV 30-UTR-like
structure at the 30-end but is polyadenylated [16]. Thus, the fact
that both IRESs are equally stimulated by the HCV 30-UTR favors
the conclusion that there is no structural match between the 50-
and 30-termini of the HCV RNA resulting in a speciﬁc stimulation
of the translation initiation on the HCV RNA. In contrast, the HCV
30-UTR stimulates translation irrespective of the structure present
at the 50-end of an mRNA, even including the structurally and func-
tionally distinct IRES of EMCV, a classical picornavirus.
Our data also suggest that the stimulation of translation by the
HCV 30-UTR is not tissue speciﬁc, though the stimulation effect was+ -
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implicate some cellular RNA-binding proteins like the heterotri-
meric NFAR protein complex that binds to the 50- and 30-UTRs of
HCV [18]. However, the nearly ubiquitous expression of these pro-
teins argues against a possible role in HCV tissue tropism. In addi-
tion, the insulin-like growth factor-II mRNA-binding protein 1
(IGF2BP1) was reported to play a role in stimulation of HCV
IRES-directed translation by the HCV 30-UTR. IGF2BP1 binds to
the stem-loop IV of the HCV 50-UTR and to the variable region
and the poly(U/C)-tract of the 30-UTR [19]. However, IGF2BP1 is ex-
pressed only in fetal tissues and adult placenta, kidney and testis as
well as in neoplasias [20] and Huh-7 hepatoma cells [19], but not
in most other adult tissues including liver [20], suggesting that
IGF2BP1 does not play a signiﬁcant role in the HCV life cycle in
adult liver tissue.
While several previous studies showed that a poly(A)-tail stim-
ulates the formation of ribosomal initiation complexes with classi-
cal picornavirus IRES elements, HCV IRES-directed translation had
been reported not to be stimulated by poly(A) [21–24]. In contrast,
we ﬁnd here that poly(A)-tails stimulate HCV, PTV and EMCV IRES-
directed translation. The mechanism of HCV and PTV translation
stimulation by poly(A) is unlikely to be based on the PABPC1-eIF4G
interaction. However, we can consider the following alternative
scenarios: (1) The poly(A)-binding protein-interacting protein 1
(PAIP1) binds to both PABPC1 and eIF3 [25] which forms speciﬁc
complexes with the HCV and PTV-1 IRESs [7]. (2) The observation
that PABPC1 can stimulate 60S subunit joining both in yeast [26]
and in mammalian cells [27] suggests that a similar mechanism
may operate in cases of polyadenylated mRNAs possessing HCV-
like IRESs within their 50-UTRs. Whether the mechanisms of stim-
ulation by the HCV 30-UTR and the poly(A)-tail operate at the level
of 48S or 80S complex formation and what protein factors are
implicated in this process remains to be established. Work in this
direction is in progress.Acknowledgements
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